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Abstract: Thin layer solar drying of gum from two tree species 
namely; Acacia senegal (Hashab) and Acacia seyal (Talh) was carried 
out at the Workshop of the Department of Agricultural Engineering, 
Faculty of Agriculture, University of Khartoum during March 2007. The 
main objective of this research work was to study the drying behavior of 
gum from the two tree species.  The specific objectives were: 1) to 
investigate thin layer solar drying characteristics of gum from the two 
tree species and 2) to test three semi-theoretical drying models to 
simulate thin layer solar drying of gum from two tree species. 
A natural convective solar dryer previously constructed for a research 
work was used to conduct the thin layer solar drying experiment for the 
gum from the two tree species.  Gum samples from the two tree species 
in the form of nodules and picked from healthy trees were collected from 
Kordofan and Gadarif areas. The initial moisture contents of the samples 
from the two tree species were 26.30% (wet basis) and 20.86% (wet 
basis) for Acacia senegal and Acacia seyal, respectively. Dry and wet 
bulb temperatures of ambient air and air at the solar inlet and outlet of 
the dryer plus the dry bulb temperature of air inside the solar dryer were 
recorded using thermocouples connected to a data logger. The data 
logger was configured to record air temperatures at intervals of one hour. 
Weights of the thin layer solar dried gum samples from the two tree 
species were recorded at intervals of one hour using a sensitive balance. 
The thin layer solar drying experiment for gum was carried out by 
 xi
placing the samples from the two tree species in the drying chamber of 
the solar dryer at the same time. The experiment was started at 09:00 till 
18:00 and continued for seven days until reaching constant weights for 
the dried gum samples. Three semi-theoretical drying models namely; 
Lewis model, Henderson and Pabis model and Page model were used to 
simulate thin layer solar drying of the gum from the two tree species.  
The models constants and coefficients were obtained by linear regression 
technique using Microsoft Excel of Microsoft Office software. A 
computer program for each the three tested drying models was written 
using the programming language of Turbo Pascal for Windows, Version 
1.5 and the programs were run on a personal computer (PC). 
Results indicated that the air inside the solar dryer was heated adequately 
as shown by the maximum obtained temperature and the maximum 
obtained relative humidity differences between the heated air and the 
ambient air which were 63.2°C and 20.46%, respectively. The thin layer 
solar drying of the gum from the two species showed that the drying 
characteristics of gum samples such as; moisture content, moisture ratio 
and drying rate decreased with the increase of the drying time and the 
drying process occurred effectively during the first day. Also the drying 
process took place during the falling rate period. The three tested drying 
models predicted the moisture contents of the thin layer solar drying of 
the gum from the two tree species accurately.  Statistical validation for 
the three tested drying models showed that the coefficient of 
determination (R2) values, obtained by plotting the predicted moisture 
contents versus the measured moisture contents, for the gum from the 
two tree species ranged from 0.96 to 0.98. The average model error 
(AME), average absolute difference (AAD) and standard error of 
estimate (SEE) regarding Acacia senegal gum and Lewis model were -
0.0106, 0.014 and 0.0198, respectively. The same values with respect to 
 xii
Henderson and Pabis model were 0.00005, 0.00459 and 0.0073, 
respectively. Also the same values regarding Page model were -0.0001, 
0.0044 and 0.0093, respectively. For Acacia seyal and Lewis model, the 
same values were -0.0073, 0.0094 and 0.01433, respectively. The same 
values for Henderson and Pabis model were 0.0006, 0.0042 and 0.00634, 
respectively. With regard to Page model the values were 0.0004, 0.0077 
and 0.0089, respectively. The two samples independent t-test showed 
that since the null hypothesis holds true i.e. ⎢tcal ⎢〈 ttab there is insufficient 
evidence to reject the null hypothesis. Also this confirmed that the three 
tested drying models predicted the moisture contents of the thin layer 
solar dying of the gum from the two tree species accurately. 
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 ﻧﻤﺬﺟﺔ رﻳﺎﺿﻴﺔ ﻟﺘﺠﻔﻴﻒ ﺷﻤﺴﻲ ﻟﻄﺒﻘﺔ رﻓﻴﻌﺔ ﻟﻨﻮﻋﻴﻦ ﻣﻦ اﻟﺼﻤﻎ
  ﺻﻤﻎ اﻟﻬﺸﺎب و ﺻﻤﻎ اﻟﻄﻠﺢ  
 
    أﺣﻤﺪزﻳﻨﺐ أﺣﻤﺪ ﻋﺒﺪ اﻟﺤﻤﻴﺪ
  
؛  ﺻﻤﻎ هﻤﺎ ﻎﻨﻮﻋﻴﻦ ﻣﻦ اﻟﺼﻤ ﻟﺗﻢ إﺟﺮاء ﺗﺠﻔﻴﻒ ﺷﻤﺴﻲ ﻟﻄﺒﻘﺔ رﻓﻴﻌﺔ :ُﻣﺴﺘﺨﻠﺺ اﻟﺪراﺳﺔ
ﻮم ﺧﻼل اﻟﻬﺸﺎب  و ﺻﻤﻎ اﻟﻄﻠﺢ ﺑﻮرﺷﺔ ﻗﺴﻢ اﻟﻬﻨﺪﺳﺔ اﻟﺰراﻋﻴﺔ ، آﻠﻴﺔ اﻟﺰراﻋﺔ، ﺟﺎﻣﻌﺔ اﻟﺨﺮﻃ
ﻟﻨﻮﻋﻴﻦ ﻣﻦ  اﻟﻬﺪف اﻟﺮﺋﻴﺴﻲ ﻟﻬﺬﻩ اﻟﺪراﺳﺔ هﻮ اﻟﺒﺤﺚ ﻋﻦ ﺳﻠﻮك اﻟﺘﺠﻔﻴﻒ   .7002س رﻣﺎ
 ﺔﺒﻘﻄﺧﺼﺎﺋﺺ اﻟﺘﺠﻔﻴﻒ اﻟﺸﻤﺴﻲ ﻟﻋﻦ ﺒﺤﺚ اﻟ( 1 ؛هﻲ اﻟﺨﺎﺻﺔ أهﺪاف اﻟﺪراﺳﺔ  .غﺎﺻﻤاﻷ
إﺧﺘﺒﺎر ﺛﻼﺛﺔ ﻧﻤﺎذج ﺗﺠﻔﻴﻒ ﺷﺒﻪ ﻧﻈﺮﻳﺔ ﻟﻤﺤﺎآﺎة ( 2 ﻣﻦ ﺻﻤﻎ اﻟﻬﺸﺎب وﺻﻤﻎ اﻟﻄﻠﺢ رﻓﻴﻌﺔ 
  . ﻟﻨﻮﻋﻲ اﻷﺻﻤﺎغرﻓﻴﻌﺔ ﻘﺔﻄﺒﻟﺸﻤﺴﻲ اﻟﺘﺠﻔﻴﻒ اﻟ
ﺟﺮاء ﺗﺠﺮﺑﺔ ﻹﺳﺎﺑﻖ   ﻣﺴﺒﻘًﺎ ﻟﻌﻤﻞ ﺑﺤﺜﻲﻣﺠﻔﻔﺔ ﺷﻤﺴﻴﺔ ذات ﺣﻤﻞ ﻃﺒﻴﻌﻲ  ﺗﻢ ﺗﺮآﻴﺒﻬﺎاﺳﺘﺨﺪﻣﺖ 
 ﻓﻲ ﺷﻜﻞ ﻟﻨﻮﻋﻲ اﻷﺻﻤﺎغ ﻋﻴﻨﺎتﺗﻢ ﺟﻤﻊ  .ﻟﻨﻮﻋﻲ اﻷﺻﻤﺎغ رﻓﻴﻌﺔ ﻘﺔﻄﺒﻟ اﻟﺘﺠﻔﻴﻒ اﻟﺸﻤﺴﻲ
 اﻟﻤﺤﺘﻮﻳﺎت اﻟﺮﻃﻮﺑﻴﺔ . آﺮدﻓﺎن و اﻟﻘﻀﺎرفﻣﻨﺎﻃﻖ  ﻣﻦ اﺷﺠﺎر ﻣﻌﺎﻓﺎة ﻣﻦو ﻣﻠﺘﻘﻄﺔ آﻌﺎآﻴﻞ 
ﻋﻠﻰ أﺳﺎس  % )8.02و ( رﻃﺐأﺳﺎس % )63.62  هﻲ غﺎﺻﻤﻟﻨﻮﻋﻴﻦ ﻣﻦ اﻷاﻹﺑﺘﺪاﺋﻴﺔ ﻟﻌﻴﻨﺎت ا
درﺟﺎت ﺣﺮارة اﻟﺒﺼﻴﻠﺔ اﻟﺠﺎﻓﺔ  ﺗﻢ ﺗﺴﺠﻴﻞ . ﻟﺼﻤﻎ اﻟﻬﺸﺎب و ﺻﻤﻎ اﻟﻄﻠﺢ، ﻋﻠﻰ اﻟﺘﻮاﻟﻲ( رﻃﺐ
زاﺋﺪًا درﺟﺔ اﻟﺤﺮارة و اﻟﻤﺒﻠﻠﺔ ﻟﻠﻬﻮاء اﻟﻤﺤﻴﻂ و اﻟﻬﻮاء ﻋﻨﺪ ﻣﺪﺧﻞ و ﻣﺨﺮج اﻟﻤﺠﻔﻔﺔ اﻟﺸﻤﺴﻴﺔ 
.  ﺑﻴﺎﻧﺎتﺑﺈﺳﺘﺨﺪام ُﻣﺰدوﺟﺎت ﺣﺮارﻳﺔ ﻣﻮﺻﻠﺔ إﻟﻰ ﻣﺴﺠﻞء داﺧﻞ اﻟﻤﺠﻔﻔﺔ اﻟﺸﻤﺴﻴﺔ اﻟﺠﺎﻓﺔ ﻟﻠﻬﻮا
ﺗﻢ   . ﻟﺘﺴﺠﻴﻞ درﺟﺎت ﺣﺮارة اﻟﻬﻮاء ﻋﻨﺪ ﻓﺘﺮات ﻗﺪرهﺎ واﺣﺪ ﺳﺎﻋﺔﺑﺮﻣﺠﺘﻪﻣﺴﺠﻞ اﻟﺒﻴﺎﻧﺎت ﺗﻢ 
 ﺷﻤﺴﻴًﺎ ﻓﻲ ﺷﻜﻞ ﻃﺒﻘﺔ رﻓﻴﻌﺔ ﺑﺈﺳﺘﺨﺪام ﻣﻴﺰان ُﺟﻔﻔﺖ اﻟﺘﻲ ﻟﻨﻮﻋﻲ اﻷﺻﻤﺎغأوزان اﻟﻌﻴﻨﺎت  ﺠﻴﻞﺴﺗ
ﻮﺿﻊ ﻋﻴﻨﺎت و ذﻟﻚ ﺑﻟﺘﺠﻔﻴﻒ اﻟﺸﻤﺴﻲ ﺗﻢ إﺟﺮاء ﺗﺠﺮﺑﺔ ا  .ﺎ واﺣﺪ ﺳﺎﻋﺔﺣﺴﺎس ﻋﻨﺪ ﻓﺘﺮات ﻗﺪره
ﻋﻨﺪ اﻟﺴﺎﻋﺔ    ُﺑﺪات اﻟﺘﺠﺮﺑﺔ.ﻔﻔﺔ اﻟﺸﻤﺴﻴﺔ ﻓﻲ ﻧﻔﺲ اﻟﻮﻗﺖ ﻓﻲ ﻏﺮﻓﺔ اﻟﺘﺠﻔﻴﻒ ﻟﻠﻤﺠاﻷﺻﻤﺎغﻧﻮﻋﻲ 
 اﻷﺻﻤﺎغﻧﻮﻋﻲ  و إﻣﺘﺪت ﻟﺴﺒﻊ أﻳﺎم ﺣﺘﻰ اﻟﻮﺻﻮل إﻟﻰ أوزان ﺛﺎﺑﺘﺔ ﻟﻌﻴﻨﺎت 00:81 ﺣﺘﻰ 00:90
أﻧﻤﻮذج ﻟﻮﻳﺲ، أﻧﻤﻮذج هﻨﺪرﺳﻮن و : ﺎذج ﺗﺠﻔﻴﻒ ﺷﺒﻪ ﻧﻈﺮﻳﺔ ُﺗﺴﻤﻰﺛﻼﺛﺔ ﻧﻤﺗﻢ اﺳﺘﺤﺪام   .اﻟﻤﺠﻔﻔﺔ
 ﺗﻢ اﻟﺤﺼﻮل ﻋﻠﻲ . اﻷﺻﻤﺎغﺸﻤﺴﻲ ﻟﻄﺒﻘﺔ رﻓﻴﻌﺔ ﻟﻨﻮﻋﻲ اﻟﺘﺠﻔﻴﻒ اﻟﺑﺎﺑﻴﺲ و أﻧﻤﻮذج ﺑﻴﭻ ﻟﻤﺤﺎآﺎة 
ﺛﻮاﺑﺖ و ﻣﻌﺎﻣﻼت اﻟﻨﻤﺎذج اﻟﺜﻼﺛﺔ ﺑﺘﻘﻨﻴﺔ اﻹﻧﺤﺪار اﻟﺨﻄﻲ و ذﻟﻚ ﺑﺈﺳﺘﺨﺪام ﻣﻴﻜﺮوﺳﻔﺖ إآﺴﻞ 
ﺗﻤﺖ آﺘﺎﺑﺔ ﺑﺮﻧﺎﻣﺞ ﺣﺎﺳﻮب ﻟﻜٍﻞ ﻣﻦ ﻧﻤﺎذج اﻟﺘﺠﻔﻴﻒ اﻟﺜﻼﺛﺔ اﻟﻤﺨﺘﺒﺮة . ﻣﻴﻜﺮوﺳﻔﺖ أوﻓﺲﻟﺒﺮﻧﺎﻣﺞ 
 و ﺗﻢ ﺗﺸﻐﻴﻞ اﻟﺒﺮاﻣﺞ ﻋﻠﻰ 5.1ﺑﺈﺳﺘﺨﺪام ﻟﻐﺔ اﻟﺒﺮﻣﺠﺔ ﻟــ  ﺗﻴﺮﺑﻮ ﺑﺎﺳﻜﺎل ﻟﻠﻨﻮاﻓﺬ، اﻹﺻﺪارة 
  .ﺣﺎﺳﻮب ﺷﺨﺼﻲ
vix 
  آﻤﺎ ﻳﺘﻀﺢ ﻣﻦ اﻟﻔﺮوﻗﺎتآﺎﻓﻴﺔأﺷﺎرت اﻟﻨﺘﺎﺋﺞ إﻟﻰ أن اﻟﻬﻮاء داﺧﻞ اﻟﻤﺠﻔﻔﺔ ﺗﻢ ﺗﺴﺨﻴﻨﻪ ﺑﺼﻮرة 
ﻮاء اﻟُﻤﺴﺨﻦ و اﻟﻬﻮاء اﻟﻘﺼﻮى و اﻟُﻤﺘﺤﺼﻞ ﻋﻠﻴﻬﺎ ﻟﺪرﺟﺔ اﻟﺤﺮارة و اﻟﺮﻃﻮﺑﺔ اﻟﻨﺴﺒﻴﺔ ﺑﻴﻦ اﻟﻬ
ﻠﻄﺒﻘﺔ اﻟﺮﻓﻴﻌﺔ ﻟأوﺿﺢ اﻟﺘﺠﻔﻴﻒ اﻟﺸﻤﺴﻲ . ، ﻋﻠﻰ اﻟﺘﻮاﻟﻲ%64.02م و °2.36 ﻤﺎاﻟﻤﺤﻴﻂ و ه
 اﻟﻤﺤﺘﻮى اﻟﺮﻃﻮﺑﻲ، ﻧﺴﺒﺔ : ﻣﺜﻞاﻷﺻﻤﺎغﻧﻮﻋﻲ  أن ﺧﺼﺎﺋﺺ اﻟﺘﺠﻔﻴﻒ ﻟﻌﻴﻨﺎت اﻷﺻﻤﺎغﻟﻨﻮﻋﻲ 
اﻟﺘﺠﻔﻴﻒ ﺗﻨﺎﻗﺼﺖ ﺑﺈزﻳﺎد زﻣﻦ اﻟﺘﺠﻔﻴﻒ و ﺣﺪﺛﺖ ﻋﻤﻠﻴﺔ اﻟﺘﺠﻔﻴﻒ ﺑﺼﻮرة ﻓﻌﺎﻟﺔ  ﺳﺮﻋﺔاﻟﺮﻃﻮﺑﺔ و 
ﻧﻤﺎذج   .أﻳﻀًﺎ ﺣﺪﺛﺖ ﻋﻤﻠﻴﺔ اﻟﺘﺠﻔﻴﻒ ﺧﻼل ﻓﺘﺮة ﻣﻌﺪل اﻟﺘﺠﻔﻴﻒ اﻟﺴﺎﻗﻂ. ﺧﻼل اﻟﻴﻮم اﻷول
 اﻟﻤﺠﻔﻔﺔ اﻷﺻﻤﺎغﻟﻨﻮﻋﻲ اﻟﺘﺠﻔﻴﻒ اﻟﺜﻼﺛﺔ اﻟُﻤﺨﺘﺒﺮة ﻋﻤﻠﺖ ﻋﻠﻰ اﻟﺘﻨﺒﺆ ﺑﺎﻟﻤﺤﺘﻮﻳﺎت اﻟﺮﻃﻮﺑﻴﺔ ﺑﺪﻗﺔ 
أوﺿﺤﺖ اﻟﻤﻀﺎهﺎة اﻹﺣﺼﺎﺋﻴﺔ ﻟﻨﻤﺎذج اﻟﺘﺠﻔﻴﻒ اﻟﺜﻼﺛﺔ اﻟُﻤﺨﺘﺒﺮة  . رﻓﻴﻌﺔﺷﻤﺴﻴُﺎ ﻓﻲ ﺷﻜﻞ ﻃﺒﻘﺔ 
اﻟﺘﻲ ﺗﻢ ، و اﻟﻤﺘﺤﺼﻞ ﻋﻠﻴﻪ ﺑﻴﺎﻧﻴًﺎ و ذﻟﻚ ﺑﺘﻤﺜﻴﻞ اﻟﻤﺤﺘﻮﻳﺎت اﻟﺮﻃﻮﺑﻴﺔ )2R(أن ﻗﻴﻢ ﻣﻌﺎﻣﻞ اﻟﺘﺤﺪﻳﺪ 
 ﺑﻬﺎ ﻋﻠﻰ اﻟﻤﺤﻮر اﻟﺮأﺳﻲ و ﺗﻤﺜﻴﻞ اﻟﻤﺤﺘﻮﻳﺎت اﻟﺮﻃﻮﺑﻴﺔ اﻟُﻤﻘﺎﺳﺔ ﻋﻠﻰ اﻟﻤﺤﻮر اﻷﻓﻘﻲ، اﻟﺘﻨﺒﺆ
ﻟﻔﺮق اﻟُﻤﻄﻠﻖ اﻟﻤﺘﻮﺳﻂ  وا)EMA(ﺧﻄﺄ اﻟﻨﻤﻮذج اﻟﻤﺘﻮﺳﻂ  . 89.0ﻟﻰ  إ69.0ﺗﺮاوﺣﺖ ﻣﻦ 
 آﺎﻧﺖ آﻤﺎ ﺑﻠﻲ ﺑﺎﻟﻨﺴﺒﺔ ﻟﺼﻤﻎ اﻟﻬﺸﺎب و أﻧﻤﻮذج ﻟﻮﻳﺲ )EES( و ﺗﻘﺪﻳﺮ اﻟﺨﻄﺄ اﻟﻘﻴﺎﺳﻲ )DAA(
ﻧﻔﺲ اﻟﻘﻴﻢ ﺑﺎﻟﻨﺴﺒﺔ ﻷﻧﻤﻮذج هﻨﺪرﺳﻮن و ﺑﺎﺑﻴﺲ . ، ﻋﻠﻰ اﻟﺘﻮاﻟﻲ8910.0 و 410.0،  6010.0-
أﻳﻀًﺎ ﻧﻔﺲ اﻟﻘﻴﻢ ﻓﻴﻤﺎ ﻳﺨﺘﺺ أﻧﻤﻮذج . ﻰ اﻟﺘﻮاﻟﻲ، ﻋﻠ3700.0 و 95400.0،  50000.0 آﺎﻧﺖ
 ﺑﺎﻟﻨﺴﺒﺔ ﻟﺼﻤﻎ اﻟﻄﻠﺢ و أﻧﻤﻮذج. ، ﻋﻠﻰ اﻟﺘﻮاﻟﻲ3900.0 و 4400.0،  1000.0- آﺎﻧﺖﺑﻴﭻ 
ﻧﻔﺲ اﻟﻘﻴﻢ ﻷﻧﻤﻮذج . ، ﻋﻠﻰ اﻟﺘﻮاﻟﻲ3410.0 و 4900.0،  3700.0- آﺎﻧﺖ، ﻧﻔﺲ اﻟﻘﻴﻢ ﻟﻮﻳﺲ
ﻓﻴﻤﺎ ﻳﺨﺘﺺ أﻧﻤﻮذج . اﻟﻲ، ﻋﻠﻰ اﻟﺘﻮ43600.0 و 2400.0،  6000.0 آﺎﻧﺖهﻨﺪرﺳﻮن و ﺑﺎﺑﻴﺲ 
 tأوﺿﺢ إﺧﺘﺒﺎر  آﺬﻟﻚ . ، ﻋﻠﻰ اﻟﺘﻮاﻟﻲ9800.0 و 7700.0،  4000.0ﺑﻴﭻ ﻓﺈن اﻟﻘﻴﻢ هﻲ 
 t اﻟﻤﺤﺴﻮﺑﺔ  أﻗﻞ ﻣﻦ ﻗﻴﻤﺔ t أي أن ﻗﻴﻤﺔ ﺔاﻟﻌﺪم ﺻﺤﻴﺤﻓﺮﺿﻴﺔ ﻟﻠﻌﻴﻨﺘﻴﻦ اﻟﻤﺴﺘﻘﻠﺘﻴﻦ ﻃﺎﻟﻤﺎ أن 
ﺘﺠﻔﻴﻒ اﻟﺜﻼﺛﺔ أﻳﻀًﺎ هﺬا ﻳﺆآﺪ أن ﻧﻤﺎذج اﻟ.  اﻟﻌﺪمﻴﺔاﻟﻤﺠﺪوﻟﺔ ﻓﻠﻴﺲ هﻨﺎﻟﻚ دﻟﻴﻞ آﺎﻓﻲ ﻟﺮﻓﺾ ﻓﺮﺿ
 و اﻟﻤﺠﻔﻔﺔ ﺷﻤﺴﻴًﺎ ﻓﻲ اﻷﺻﻤﺎغﻟﻨﻮﻋﻲ  اﻟُﻤﺨﺘﺒﺮة ﻋﻤﻠﺖ ﻋﻠﻰ اﻟﺘﻨﺒﺆ ﺑﺎﻟﻤﺤﺘﻮﻳﺎت اﻟﺮﻃﻮﺑﻴﺔ ﺑﺪﻗﺔ
  .ﺷﻜﻞ ﻃﺒﻘﺔ رﻓﻴﻌﺔ
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NCHAPTER ONE 
 
INTRODUCTION 
 
1.1. Introducing 
Gums are found in a greater or lesser degree in most plant families.  
Gum Arabic is a substance that is taken from sub-Saharan species of the 
genus Acacia.  Acacia senegal and Acacia seyal were known as the main 
sources of gum Arabic of commerce (Coppen, 1999).  Acacia senegal 
contributes about 70%, while Acacia seyal contributes about 15%-25% 
of total gum production (Seif el Din and Zarroug, 1996).  The remaining 
gum production is form Acacia polyacantha and Acacia laeta that are 
often sold in mixture with Acacia senegal gums among West African 
producing countries (Karamalla, 1965).  
Both Acacia senegal and Acacia seyal grow in various plant 
communities in the drier parts of Africa and Asia (Seif el Din and 
Zarroug, 1996).  The term “gum belt” which is stretching, approximately 
between latitudes 11° and 15° North, describes the gum producing areas 
of the country.  The belt covers parts of the following states: North 
Kordofan, West Kordofan, South Kordofan, North Darfur, West Darfur, 
South Darfur, Blue Nile, Sinnar, Kassala, Gadarif, White Nile, and 
Upper Nile states. 
 Sudan has been considered as pre-eminent not only because it accounts 
for the majority of gum Arabic in the world trade but also it sets the 
standards by which other producers should comply with terms of quality 
(Awoda, 1990).  Different investigators reported that the limitation of 
botanical source, particularly, in North Kordofan and Darfur states, is 
one of the main reasons for excellent quality, which results in a very 
uniform product.  Acacia senegal is found in pure stands, giving Sudan 
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the advantage of being the biggest producer and exporter of gum of the 
best quality (FAO, 1986).  The gum Arabic of commerce is used in food 
industry in confectionery, soft drinks, chewing gum, packed goods, 
pharmaceuticals (as a carrier in capsules and in high soluble fiber 
supplements), cosmetic products (creams and lotions), lithographic 
inks… etc.  Also, it is used in sprayed glazes, textile sizing and finishes 
(Motlagh et al., 2006 and Katayama et al., 2006). 
The production season for hashab (A. senegal) gum commences after the 
rainy season (October), which is characterized by withering and falling 
of the leaves.  Various reports showed that trees produce gum, only 
when the temperature is high and the relative humidity is low.  
Commercially, gum from A. senegal is obtained by a process known as 
“tapping”, in which pieces of bark 10-13 cm long and 2-4 cm broad are 
removed to form wounds.  Tapping begins when the trees are just 
starting to shed their leaves, usually about the end of October or 
beginning of November. 
The gum nodules during biothensis hold an appreciable amount of water.  
Drying starts by exposing those nodules to the ambient air temperature.  
The first collection usually starts after 30 to 40 days from tapping date 
and continues at an interval of about two weeks throughout the 
production season, which may extend to May. (Seif el Din and Zarroug, 
1996; FAO, 1995).  A. seyal trees are not tapped and the collection of the 
naturally-exuded gum starts in February to April when it is sufficiently 
warm and dry to induce gum yield (Seif el Din 1998). 
Different storage stations are established at the production areas to 
receive gum for temporary storage prior to delivery to local consumption 
areas or to Port Sudan for export.   
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1.2. Problem statement 
Various losses of gum Arabic are found to occur due to unfavorable 
effects of storage conditions, which can result in an increased proportion 
of lower grades.  Storage conditions include temperature, relative 
humidity, gum moisture content and stacking load.  If the gum is moist 
and it has been subjected to a small load stress for some time, caking of 
gum Arabic will occur.  The caking problem of gum Arabic is attributed 
to the plastic behavior which is characterized by a permanent 
deformation of particles (Osman, 2002).  Improving the quality of the 
stored gums could increase the proportion of the higher grades and thus 
the income. 
1.3. Justification 
Sudan nowadays is witnessing some processing activities as far as gum 
Arabic is concerned.  These activities include some processing 
operations such as grinding the gum nodules into powder.  A substantial 
amount of energy is consumed in these processes especially if the gum is 
moist. 
Drying of gum is important before gum storage or processing.  Drying of 
biological products can be done either in thin layer or deep bed.  Thin-
layer drying refers to the drying process in which all product parts of the 
pack are fully exposed to the drying air under constant temperature and 
relative humidity (Hall, 1980).   
Natural sun solar drying is a common method used to preserve 
agricultural products where solar radiation is convenient (Togrul and 
Pehlivan, 2002).  Open-air natural sun drying has some limitations 
including the lack of ability to control the drying operation properly, the 
length of the drying time, weather uncertainties, high labor costs, large 
area requirement, insect infestation, mixing with dust and other foreign 
materials and so on (Ertekin and Yaldiz, 2004; Doymaz, 2004; Togrul 
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and Pehlivan, 2004).  The use of dryers can reduce crop losses and 
improve the quality of the dried products significantly compared to 
traditional methods (Akpinar et al., 2003; Ertekin and Yaldiz, 2004; 
Togrul and Pehlivan, 2002; Doymaz, 2006).  Solar drying saves money, 
energy, time and labor. 
Many investigators have successfully used mathematical thin-layer 
drying models to explain drying of several biological products.  
Examples are apricot (Togrul and Pehlivan, 2004), grape (Doymaz and 
Pala, 2002), black tea (Panchariya, Popovic and Sharama, 2002), 
Pistachio (Midilli and Kucuk, 2002), (Togrul and Pehlivan, 2004) and 
grains (Basunia and Abe, 2001). 
These models are helpful in designing new or improving existing drying 
systems or for the control of the drying operation (Togrul and Pehlivan, 
2004).   Mathematical modeling will help in estimating and predicting 
the drying time, especially the time needed to reach a given equilibrium 
moisture content such as the optimum moisture content for gum 
grinding.  However, little information is available on the drying process 
of gum Arabic.  This investigation is an attempt to provide some of this 
information. 
1.4. Objectives  
The main objective of this research work was to study the drying 
behavior of gum from two species.  The specific objectives were: 
1. To investigate thin layer solar drying characteristics of gum 
from two tree species. 
2. To test three semi-theoretical drying models to simulate thin 
layer solar drying of gum from two tree species. 
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CHAPTER TWO 
 
LITERATURE REVIEW 
 
2.1. Gum Arabic Producing Trees 
Gum Arabic is tree exudates and has been an important article of 
commerce since ancient times.  Gum Arabic is an exudate from trees of 
the genus Acacia, which is one of the most ubiquitous vegetation group 
in the plant kingdom.  The genus Acacia is a member of the tribe 
Acacieae within the family Mimosoideae of the family Leguminosae 
(pea family), and second largest genus in the family Leguminosae, with 
about 1350 species currently recognized.  These species are distributed 
throughout tropical and warm temperate areas of the world, with the 
largest concentrations occurring in Australia (955), with also high 
numbers in Americas (about 185 species), Africa (144 species) and Asia 
(89 species) (Al-Assaf et al., 2007). 
Traditionally, gum Arabic has been obtained mainly from Acacia 
senegal (AIPG, 2007).  The trees grow widely across the Sahelian zone 
of Africa situated north of the equator up to the Sahara desert and from 
Senegal in the west to Somalia in the east (AIPG, 2007).   
In Sudan, the term gum Arabic is used in a wider context to include two 
types of gum which are produced and marketed, but which are clearly 
separated in both national statistics and trade: “hashab” (from Acacia 
senegal) and “talha” (from Acacia seyal).  In still wider sense, gum 
Arabic is often taken to mean the gum from any Acacia species (FAO, 
1995). 
A. senegal and A. seyal were known as the main sources of gum Arabic 
of commerce accounting for up to 95% of total gum production in 
Sudan.  A. senegal contributes about 70%, while A. seyal contributes 
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about 15%-25% (Seif el Din and Zarroug, 1996).  The remaining gum 
production is from Acacia polyacantha and Acacia laeta that are often 
sold in mixture with A. senegal gums among west African producing 
countries.   In the early 1980’s, Sudan produced about 85% of the world 
supply of gum Arabic (Anderson et al., 1983).  During the last years, the 
contribution of Sudan to the world market dropped to 40% - 50% (Musa, 
2002).   
 
2.2. Acacia senegal  
2.2.1. Botanical classification  
The classification of the group of taxa previously known as legumes had 
passed through various changes during the last few years.  A brief 
description of the two species according to Heywood (1978) is given in 
the following sections:  
Kingdom: Plantae  
Division: Spermatophyta 
Subdivision: Angiospermae 
Class: Rosdae 
Order: Fabales (Leguminales) 
Family:  Faboideae (Leguminoideae) 
Subfamily: Mimosoideae (Mimosaceae) 
Genus: Acacia  
Species: senegal  
Botanical name: Acacia senegal 
Common name: Hashab 
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2.2.2. Description  
Hashab tree is a bush or a tree 2-12 m high, usually less than 6 m but 
sometimes up to 12 m high (Sahni, 1968; El Amin, 1990; Vogt, 1995; 
Thirakul, 1984).  Bark yellow to light brown or gray, rough, fissuring or 
flaking.  Stipules not spinescent, prickles at nodes in trees; two lateral 
pointing upward or forward and one central pointing downwards or 
backward; falcate, 4-7 mm long (Sahni, 1968; El Amin, 1990; Vogt, 
1995).  Inflorescence flowers cylindrical; spike 2-10 cm long, usually 
longer than the leaves, flowers are white or cream.  Pods pale brown to 
straw colored, flat and papery, usually 9 cm long, rounded to acuminate 
(Sahni, 1968; El Amin, 1990; Vogt, 1995).  Seed 8-12 mm in diameter, 
yellow or pale brown, compressed.  Flowering during November-
February; fruiting during January-April (Sahni, 1968; El Amin, 1990; 
Vogt, 1995).   
 
2.2.3. Distribution and Habitat  
A. senegal has two main areas of distribution: on stabilized sands, under 
rainfall of 280-450 mm per annum or on the dark cracking clays under 
rainfall of 300-700mm per annum (Sahni, 1968; Vogt, 1995).  It is 
widespread on sandy and clay plains of savanna grasslands (El Amin, 
1976).  It is distributed in Southern Nuba Mountains, from Barber to 
Mongala in Blue Nile, Kassala and Kordofan (Sahni, 1968).  The species 
is found at central Sudan along a continuous belt extending from east to 
west, but it is more successful on the western sand plains of Kordofan 
and Darfur (El Amin, 1976). 
 
2.3. Acacia seyal  
2.3.1. Botanical classification  
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Kingdom: Plantae  
Division: Spermatophyta 
Subdivision: Angiospermae 
Class: Rosdae 
Order: Fabales (Leguminales) 
Family:  Faboideae (Leguminoideae) 
Subfamily: Mimosoideae (Mimosaceae) 
Genus: Acacia  
Species: seyal  
Botanical name: Acacia seyal 
Common name: Talh 
 
2.3.2. Description  
A tree 3-17 m high (Sahni, 1968; El Amin, 1990; Vogt, 1995; Thirakul, 
1984).  Bark powdery, smooth or sparsely flaking; whitish, greenish 
yellow or orange red, sometimes green and red bark on the same tree.  
Young branchlets with numerous reddish glands (El Amin, 1990).  
Stipular spinescent in pairs, up to 8 cm long.  Seeds olive to olive brown, 
faintly winkled, elliptic, compressed, 7-9 mm×4.5-5 mm (Sahni, 1968).  
Flowering during November-April and fruiting during January-May.   
 
2.3.3. Distribution and habitat  
This species is widespread on dark cracking clays on higher slopes of 
rivers and valleys on the hard cracking plains of central Sudan and clays 
of seasonally wet depressions (El Amin, 1990), or on central and 
southern Sudan (Sahni, 1968).  Two varieties occur in the Sudan: var 
seyal without inflated spines and green white or red bark, widespread in 
grass and woodland Savanna on dry cracking clay, and var fistula 
Schweinf with inflated spines and whitish bark (El Amin, 1990). 
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2.4. Gum Arabic  
2.4.1. Definition and specification  
Gum Arabic is used in a wide range of food and non-food applications 
and this requires control through definitions and specifications by the 
concerned institutions and organizations.  The definition of gum Arabic 
varies in wording between various regulatory authorities and the term 
gum Arabic is used with varying degrees of precision by the different 
groups of people.  Gum Arabic was defined by Joint Expert Committee 
on Food Additives (JECFA) as “dried exudation obtained from the stems 
and branches of A. senegal (L.) Willdenow or of other related African 
species of Acacia, family Leguminosae (FAO, 1986).  Nitrogen content 
and optical rotation were added in 1990 then the last definition was 
changed to include the word closely “or closely related species" 
(Coppen, 1999).     
Coppen (1999) stated that this specification was mended in 1995, but the 
words “closely related species" were followed by “Acacia” family 
Leguminosae (recently Mimosaceae).  
The latest specification was published in 1998; it included A. seyal in the 
definition with A. senegal (Coppen, 1999).  This specification read: 
“dried exudation obtained from the stems and branches of A. senegal (L.) 
Willdenow or Acacia seyal, family Leguminosae”.  This was confirmed 
by the Codex Committee on Food Additives and Contaminants 
(CCFAC) in March 1999, and adopted by the Codex Alimentarius 
Commission of the FAO/WHO at its 23rd session held in June 1999 
(Coppen, 1999).  
 
 
 
10 
 
2.4.2. Description 
Gum Arabic from A. senegal is a pale to orange-brown colored solid, 
which breaks with a glassy fracture.  The best grades are in the form of 
whole, round tears, orange-brown in color and with a matt surface 
texture; in the broken, kibbled state the pieces are much paler and have a 
glassy appearance but gum from A. seyal is more friable than the hard 
tears produced by A. senegal and is rarely found as whole lumps in 
export consignments (FAO, 1995; AIPG, 2007). 
 
2.4.3. Structure of gum Arabic 
Acacia gum is a known mixture of complex carbohydrates with 
molecular weights between 2.5×105 and 1×106, which contains a small 
proportion of proteinaceous material (2%) and has been classified as an 
arabinogalactan-protein complex (Motlagh et al., 2006 and Kalayama et 
al., 2006).  Gum Arabic is a proteoglycan complex acidic salt (Ca, K, 
Mg and Na) of high molecular weight.  The complexity comes from the 
presence of different glycosidic linkages, ring forms and degree of 
polymerization of side-chains (Mantell, 1965).  Polypeptide linkages 
were found to be present at different glycosidic amounts (Idris et al., 
1998).  Acacia gum has a highly variable composition and the physical 
and chemical properties can vary considerably depending on the source 
of nodules (Motlagh et al., 2006).   
The chemical studies of A. senegal gum have demonstrated that it 
consists mainly of highly complex polysaccharide of a branched β-(1,3)-
linked galactose backboned with branches linked through the 1,6-
positions, with arabinose, rahamanose and glucuronic acids in ramified 
side-chains.  This complex also contains small amounts of protein which 
includes arabinogalactan-protein (Osman et al., 1993, Idris et al., 1998 
and Dror et al., 2006). 
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The gum from A. senegal and A. seyal is a complex of polysaccharides 
and both gums contain a small amount of nitrogenous materials that 
cannot be removed by purification.  Their chemical compositions vary 
slightly with source, climate, season, age of tree … etc (AIPG, 2007).  
The gum of A. senegal is a variable mixture of arabinogalactan 
oligosaccharides, polysaccharides and glycoproteins.  Depending on the 
source, the glycan components contain a greater proportion of L-
arabinose relative to D-galactose (A. seyal) or D-galactose relative to L-
arabinose (A. senegal). The two gums consist of the same sugar residues.  
However, A. seyal contains significantly more 4-O-methyl-D-glucuronic 
acid, less L-rhamnose and unsubstituted D-glucuronic acid, and a lower 
proportion of nitrogen (Siddig et al., 2005, Chaplin, 2006, AIPG, 2007 
and Phillips et al., 2008). 
Both gums have complex molecular mass distributions that display 
similar features, but the average molecular mass of gum from A. seyal is 
higher than that of A. senegal.  Gum Arabic consists of a mixture of 
lower molecular weight (~ 0.25x106) polysaccharides forming the major 
component and a higher molecular weight (~ 2.5x106) hydroxyproline-
rich glycoprotein, which is the minor component.  Because it is a 
mixture and the material varies significantly with source, the exact 
molecular structures are still rather uncertain (Idris et al., 1998, Chaplin 
2006, Motlagh et al., 2006 and AIPG, 2007).  Chaplin (2006) noted that 
the glycoprotein (~2% protein) contains a repetitive and almost 
symmetrical 19-residue consensus motif.   
On the other hand, Hassan et al. (2005) showed that although the gum of 
A. seyal has a considerably higher molecular weight than that of A. 
senegal, the intrinsic viscosity is lower.  Moreover, there was much 
greater variability within A. seyal complex from the point of view of 
molecular weight and sugar composition.  In contrast, the amount of 
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protein in A. seyal gum is considerably less than in A. senegal gum and 
the amino acids are the same and they are present in the same 
proportions.    
 
2.4.4. Physicochemical properties of gum Arabic  
Physical properties are important in determining the commercial values 
and use of gum. These include the following:  
 
2.4.4.1. Moisture content  
The hardness of the gum would be determined by its moisture content.  
The moisture content of good quality gum usually ranges from 10% to 
15% for A. Senegal (FAO, 1999).   The mean value of moisture content 
of A. seyal was found to be 10.5% (Anderson et al., 1968).  The moisture 
content value was set at < 15% by the Joint Expert Committee on Food 
Additives (JECFA) and FAO/WHO (FAO, 1990). 
 
2.4.4.2. Ash content   
Gum Arabic samples from trees grown on the heavy soil have 3.5% ash 
content, while samples from trees grown on the sandy soil have 3.3% 
(Anderson et al., 1968).  Also, they reported that the ash content of A. 
senegal gum varied between 3.27% – 4.63% irrespective of the age of 
the tree. Anderson (1983) found that the value of ash content is 3.9% for 
A. senegal gum.  Recently, FAO (1999) reported that the ash content is 
not more than 4%. Anderson (1976) and Karamalla (1965) showed that 
the ash contents for A. seyal gum were 2.13% and 2.3%, respectively.   
 
2.4.4.3. Specific rotation 
The specific optical rotation is considered as the most important criterion 
of purity and identification of gum Arabic.  This is because the direction 
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and magnitude of the optical rotation are characteristics of the gum type 
and thus it is used to differentiate between A. senegal and A. seyal gums 
and other botanically related Acacia gums.  The specific rotation values 
are very different; the values are -27° to -30o and +39o to +36.9o for A. 
senegal and A. seyal, respectively as reported by Anderson (1986) and 
Salih (1998).  Also in 1990, FAO considered that, the specific rotation 
for food grade gum falls in the range between -26o to -34o for A. senegal.  
Siddig et al. (2005) reported that the specific rotation is about +54° for 
A. seyal and -30° for A. senegal.  This difference has been shown 
recently to be due to differences in the proportion of the various sugars 
present.  Sudanese specifications of the gum Arabic from A. senegal 
stated that the specific rotation is in the range of -22o to -34o for kibbled, 
siftings, dust, handpicked and crude grade. 
 
2.4.4.4. Acidity and pH- value 
The main content of commercial gum Arabic is Arabian (acid substance) 
and when is decomposed it gives arabinose (Mantell, 1965) so that gum 
Arabic is called Arabic acid.  Therefore, the gum solution is slightly 
acidic (pH = 4.5).  The pH- value of A. senegal gum was reported to be 
4.42 (Karamalla, 1965 and Ishag, 1977).  On the other hand, the pH- 
value of A. seyal gum was found to be 4.35 (Ishag, 1977) and 4.48 
(Anderson, 1967).   
 
2.4.5. Gum exudation  
There have been many theories concerning the formation of gum 
exudation but to date no one has proposed a universally accepted 
explanation of gummosis.  Blunt (1962) believed that the formation of 
gum exudates is pathological condition resulting from a microbial 
(fungal and bacterial) infection of the injured tree.  Also the tree 
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produces gum when it is in an unhealthy condition or due to adverse 
environmental condition such as shortage of soil moisture or nutrition 
(Mantell, 1965).  Anderson and Weiping (1994) suggested that the gum 
is formed by normal metabolic process produced in response to 
physiological within the tree and it comes out under stresses due to water 
depletion or excessive heat.   
Smith and Montgomery (1959) noted that trees produce gum to seal the 
wounds caused by insects or animals, also as a result of infection of the 
plants by microorganisms.  Gum exudation has been attributed to 
bacterial action.  Local producers believe that gum exudates are caused 
by a certain insect locally known as “Garraha” which is a predisposed 
agent of gum exudation.  But until now the real reason of gum formation 
is still unknown.   
 
2.4.6. Collection methods and primary processing   
Gum Arabic is produced naturally from the stems and branches of 
Acacia senegal and A. seyal.  Commercially, gum from A. senegal is 
obtained by a process known as “tapping”, in which pieces of bark 10-13 
cm long and 2-4 cm broad are removed to form wounds.  Tapping 
methods have been developed in order not to damage the trees and 
handling and cleaning practices have been optimized to produce a 
superior quality product (FAO, 1995). Tapping begins when the trees are 
just starting to shed their leaves, usually about the end of October or 
beginning of November.  After five weeks the first collections of gum 
are made, with further collections from the same trees at approximately 
15 day intervals until the end of February, making five or six collections 
in total (Seif el Din and Zarroug, 1996).  The gum exudates in the form 
of small droplets on the wounds that steadily grow in size until they 
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become nodules of 2-5 cm diameter; these nodules are ready to be 
picked for sale after about 4-6 weeks (FAO, 1995). 
 
2.4.7. Economical importance  
Acacia gum is natural polysaccharide exudates from Acacia senegal and 
A. seyal trees.  Both species gums are accepted gum for use in food and 
medicine (Phillips et al., 2008).  Osman et al. (1993) reported that, gum 
Arabic is an approved food additive which is used principally in 
confectionery, where it inhibits sugar crystallization, and in flavor oil 
concentrates, where it functions as an emulsifier.  Also the physical and 
chemical properties of gum Arabic, such as rheological behavior, 
response to electrolytes, emulsify and compatibility and several others 
render it to be suitable for a wide range of industrial applications such as 
food industries, particularly confectionery, baked goods and dry 
packaged products, which uses about 60% of world consumption.  It is 
also used in flavorings and in pharmaceutical preparations as a building 
and emulsifying agent.  Other industrial products that use technical 
grades of gum Arabic include adhesives, textile sizing and finishes, 
office glues, printing, lithography, water colors, emulsion paints, paper 
coatings and pottery glazing (Seif el Din and Zarroug, 1996; Iqbal, 1993; 
Motlagh et al., 2006).  
 
2.4.8. Yield  
Yield of gum Arabic from individual trees is very variable and little 
reliable data are available on which to base sound estimates of average 
yields.  A figure of 250 g of gum per tree per season is often cited as an 
average yield.  In Sudan, yields from cultivated A. senegal are said to 
increase up to the age of 15 years, when they level out and then begin to 
decline after 20 years.  At this stage, if desired, trees can be coppiced and 
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after a suitable period of time tapping can recommence on the new stems 
(Seif el Din and Zarroug, 1996).  In general, the higher the average 
temperature, the higher the yield of gum.  Yield per hectare per year 
ranges between 30 to 40 kg in case of open stands and as much as 100 kg 
in case of dense stands (Iqbal, 1993). 
 
2.4.9. Marketing   
The use of gum Arabic has a very long history but in modern times 
production and trade has been dominated by Sudan.  Levels of supply 
from Sudan are therefore a good indicator of consumption (FAO, 1995). 
The gum collectors transport their produce by animals and tractors to 
auction markets in the country, which is initiated by a government clerk 
at a minimum opening price and sale is settled at the highest bid, then 
the gum is sent to Port Sudan after grading by the local labor and 
packaging in the burlap bags for storage until its eventual export (Iqbal, 
1993). 
 
2.5. Concept of drying process  
The producer is constantly confronted with the challenge of improving 
the product quality and quantity.  Indeed, this cannot be done without 
investment in more and more complicated methods and tools that lead to 
increasing energy consumption and production costs (Bennamoum and 
Belhamri, 2003).  The removal of moisture from product to the 
surrounding atmosphere is known as drying or dehydration.  Drying is 
defined as a process of moisture removal due to simultaneous heat and 
mass transfer (Brooker et al., 1992; Akpinar and Yaldiz, 2003; Ertekin 
and Yaldiz, 2004).  Also, Chua et al. (2002), Akpinar (2006) and Goyal 
et al. (2006) reported that the drying of moist materials is a complicated 
process involving simultaneous coupled heat and mass transfer 
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phenomena which occur inside the material being dried.  Furthermore, 
Akpinar and Bicer (2005) stated that dehydration is an important 
operation in the chemical and food processing industries.   
Drying is one of the oldest methods of the biological products 
conservation known to human beings and it represents a very important 
aspect of food processing.  Moreover, drying is a difficult food 
processing operation mainly because of undesirable changes in the 
quality of the dried product, which provides longer shelf-life, lighter 
weight for transportation and smaller space for storage. (Doymaz et al., 
2005, Ertekin and Yaldiz, 2004 and Akpinar et al., 2003).   
Doymaz (2005) reported that drying can be described as an industrial 
preservation method in which water content and activity of fruits and 
vegetables are decreased by heated air to minimize biochemical, 
chemical and microbiological deterioration.  The main aim of drying 
products is the reduction of the moisture content to level, which allows 
safe storage over an extended period, substantial reduction in weight and 
volume, minimizing packaging , storage and transportation costs 
(Doymaz, 2004 and Doymaz, 2006).  Chua et al. (2003) stated that the 
objective of dehydration is the removal of water to a level at which 
microbial spoilage and deterioration reactions are greatly minimized.  
Hall (1980) reported that the process of drying should be approached 
from two view points: the equilibrium relationship and the drying rate 
relationship. 
Solar drying of crops, fruits and vegetables has been practiced all over 
the world for centuries.  Natural solar drying is a common method used 
to preserve agricultural products in most tropical and subtropical 
countries and it is still practiced in many places throughout the world 
where solar radiation is convenient (Togrul and Pehlivan, 2002).  
However, this drying technique has some disadvantages like; the 
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slowness of the process, the exposure to environmental contamination, 
large area requirement and the hand labor requirement.  Moreover, crop 
drying in the open air can expose the crop to external factors and thus get 
contaminated with foreign material (e.g.  stones and soils), and to 
infestation by insects, rodents and other animals (Ertekin and Yaldiz, 
2004; Doymaz, 2004; Togrul and Pehlivan, 2004).  The quality of food 
can be seriously degraded so it sometimes becomes inedible.  The 
resulting loss of food quality in the dried products may have adverse 
economic effects on domestic and international markets (Sacilik et al., 
2006). 
In order to improve the quality, the traditional natural sun drying 
technique should be replaced with modern drying methods.  The 
introduction of dryers in developing countries can reduce crop losses and 
improve the quality of the dried products significantly compared to 
traditional methods.  Therefore, simulation models are needed for the 
design and operation of dryers (Akpinar et al., 2003; Ertekin and Yaldiz, 
2004; Togrul and Pehlivan, 2002; Doymaz, 2006). 
In recent years, numerous attempts have been made to develop solar 
drying mainly for preserving agricultural and forest products.  Solar 
drying systems must be properly designed in order to meet particular 
drying requirements of specific crops and to give satisfactory 
performance with respect to energy requirements (Steinfela and Segal, 
1986 and Togrul and Pehlivan, 2002).  Drying characteristics of 
particular materials should be determined to find suitable drying methods 
and hence improve its quality (Akpinar et al., 2003, Mwithiga and 
Olwal, 2005 and Doymaz, 2006).   
Several researchers have developed simulation models for natural and 
forced convection solar drying systems (Togrul and Pehlivan, 2002).  
Recently, there have been many studies on drying behavior of various 
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agricultural crops such as fruits (apricot and grapes), vegetables (carrot, 
potatoes and tomato), grains (rice) and black tea.   
 
2.5.1. Factors affecting the drying rate  
 Drying processes can be influenced by a rather large variety of factors 
including, drying air temperature, drying air relative humidity, air 
velocity, product initial moisture content, product drying constant and 
solid properties such as density, permeability and porosity.  As drying 
process advances from simple constant drying conditions to complex 
time-varying drying schemes, the understanding of temperature and 
moisture transfer in the product will help in improving drying procedures 
and food quality (Chua et al., 2002 and Panchariya et al., 2002).  
 
2.5.1.1. Drying air temperature 
The temperature of drying air as reported by Brooker et al. (1974) must 
be kept below some maximum value limited by the tolerant temperature 
of the product being dried.  A high temperature can be used for short 
time.  However, the product temperature is usually less than drying air 
temperature and it approaches air temperature as drying progresses 
(Brooker et al., 1974). Doymaz (2005) stated that raising the air 
temperature resulted in shortening the time required for drying.   
 
2.5.1.2. Drying air relative humidity 
Relative humidity in a hygroscopic or wet solid is a thermodynamic 
property defined as the ratio between the vapor pressure of water in 
equilibrium with the material (P) and the vapor pressure of pure water 
(Pw) at the same temperature (P/Pw) as reported by Siau (1971);  Skaar 
(1972) and Iglesias and Bueno (1999).   
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Simmonds et al. (1953) stated that during wheat drying the air relative 
humidity increased from 5% to 37% resulted in slight decrease of drying 
rate.  Also the influence of relative humidity was detected by the amount 
of moisture removed per 48 m3 /s of air.  Results showed that little or no 
moisture was removed when the air relative humidity was above 85% 
(Hall, 1980). 
 
2.5.1.3. Air velocity 
The internal resistance to moisture movement of agricultural materials is 
greater compared to surface mass transfer resistance, thus the air flow 
rate has no significant effect on drying rate (Akpinar and Bicer, 2005).  
Babalis and Belessiotis (2004) stated that the strong influence of air 
temperature and velocity at the early stages of drying was evident.  They 
also revealed that the drying kinetics is most significantly affected by 
drying temperature, with the air flow velocity having a limited influence 
on the drying process.  The air velocities investigated were varied from 
0.5 to 3 m/s in an attempt to determine the point beyond which airflow 
rate becomes insignificant.  Moreover, some researchers chose to neglect 
the effect of air velocity concluding that the resistance to moisture 
movement from the surface to the drying medium is less important if 
compared to the internal resistance (Madamba et al., 1996).  
Babalis and Belessiotis (2004) concluded that the effect of air velocity 
after approximately 4-5 h vanished and became negligible when 
compared with the effect of air temperature.  The evaporation front 
recedes towards the interior of the solid, with moisture diffusion process 
becoming the most important factor.   
 
2.5.1.4. Product initial moisture content  
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Moisture is the most important factor affecting the quality of a dried 
product, which determines the market price.  It is considered as an index 
of the keeping quality of a product and can be expressed on either wet 
basis (M.Cw.b) or dry basis (M.Cd.b).  The wet basis moisture content is 
usually used for commercial designation and the dry basis is mainly used 
in research or in equations dealing with moisture variation (Hall, 1980). 
 
2.5.1.5. Product drying constant 
Drying constant describes the mechanisms of heat and mass transfer 
phenomena and investigates the influence that certain process variables 
exert on moisture removal processes.  It forms the most essential 
constant of the actual mathematical model of any dehydration operation, 
which seeks a proper estimation of the drying time as well as the 
behavior of all corresponding operational factors that playing an 
important role in the design and optimization of dryers (Krokida et al., 
2004). 
Drying constant is measured through experimental studies of material 
moisture content removal versus time at various drying conditions.  The 
measurement of material moisture content as a function of time under 
constant drying air conditions constitutes the so-called drying curve.  
Moreover, the drying constant can be defined using the so-called thin-
layer equation. 
Lewis (1921) suggested that during the drying of porous hygroscopic 
material, in the falling rate period the rate of change in material moisture 
content is proportional to the instantaneous difference between material 
moisture content and the expected material moisture content when it 
comes to equilibrium with the drying air.  It is assumed that the material 
layer is thin enough or the air velocity is so high that the conditions of 
drying air are kept constant throughout the material.    
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The drying constant depends on both material and air properties as it is 
the phenomenological property representative of several transfer 
phenomena.  So, it is a function of material moisture content, 
temperature, and size as well as air humidity, temperature and velocity. 
(Krokida et al. 2004).  
 
2.6. Thin-layer drying 
Drying of agricultural products can be done either in thin layer or deep 
bed.  Thin layer drying refers to the drying process in which all product 
parts of the pack are fully exposed to the drying air under constant 
drying conditions, i.e. at constant temperature, and relative humidity.  
Generally, up to 20 cm thickness of a products bed is taken as thin layer.   
Hall (1980) and Akpinar (2006) stated that thin layer drying means to 
dry as one layer of sample particles or slices. 
 
2.6.1. Mathematical modeling of thin layer drying 
Mathematical modeling of thin layer drying is important for optimization 
of operating parameters and performance improvements of the drying 
systems (Cihan et al., 2006).  In the literature it is possible to find many 
mathematical models for describing the drying process.  Isothermal 
models based on Fick’s law for moisture diffusion were used to simulate 
the drying kinetics of cereal grains and starchy materials (Resio et al., 
2005), also they reported that it is generally accepted that moisture 
diffusion controls the drying of moist solids and Fick’s law has been 
used to describe changes in curves with moderate success.  Some 
researchers have observed unexpected behavior for experimentally 
determined diffusion coefficients, not only in magnitude but also in 
functional form. 
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Thin layer drying models that describe the drying phenomenon of 
agricultural materials mainly fall into three categories, namely 
theoretical, semi-theoretical and empirical (Afzal and Abe, 2000, 
Panchariya et al,. 2002; Popvic and Sharma, 2002; Akpinar and Bicer, 
2005;  Akpinar, 2006).  The theoretical approach is concerned with 
diffusion or simultaneous heat and mass transfer equations.  The semi-
theoretical models approach is concerned with approximated theoretical 
equations (Afzal and Abe, 2000; Akpinar and Bicer, 2005).  Simplifying 
general series solution of Fick’s second law or modification of simplified 
models generally derives semi-theoretical models.  But they are only 
valid within the temperature, relative humidity, airflow velocity and 
moisture content range for which they were developed.  They require 
small time compared to theoretical thin layer models and do not need 
assumptions of geometry of a typical food, its mass diffusivity and 
conductivity (Parry, 1985).  Among semi-theoretical thin layer drying 
models, are Henderson and Pabis model, Lewis model, and Page model 
which are used widely.  
Empirical models derive a direct relationship between average moisture 
content and drying time.  They neglect fundamentals of the drying 
process and their parameters which have no physical meaning.  Although 
the advantage of empirical models in drying simulations is that it is easy 
to apply, they cannot give clear accurate view of the important processes 
occurring during drying although they may describe the drying curve for 
the conditions of the experiments (Özdemir and Devres, 1999; Afzal and 
Abe, 2000; Akpinar and Bicer, 2005).  Among them, the Wang and 
Singh model has found application in the literature. 
Thin layer equations describe the drying phenomena in a unified way 
regardless of the controlling mechanism.  They have been used to 
estimate drying times of biological products and to generalize drying 
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curve.  In the development of thin layer drying models for biological 
products, generally the moisture content of the material at any time after 
it has been subjected to a constant relative humidity and temperature 
conditions is measured and correlated to the drying parameters (Togrul 
and Pehlivan, 2004).  Also Afzal and Abe (2000) reported that thin layer 
drying equations contribute to the understanding of drying characteristics 
of agricultural materials.  The prediction of drying rate of a specified 
agricultural crop subject to various drying conditions is important for the 
design of drying systems 
Several thin layer equations are available in literature; these equations 
vary widely in nature.  Many investigators have successfully used thin 
layer equations to explain drying of several agricultural products.  For 
examples, apricot (Togrul and Pehlivan, 2002; Togrul and Pehlivan, 
2003), grape (Pangavhane et al., 1999), black tea (Panchariya et al., 
2002; Midilli and Kucuk, 2003), red pepper (Akpinar et al., 2003) and 
carrot (Doymaz, 2004; Prabhanjan et.al., 1995), potato (Diamante and 
Munro, 1993), green pepper, green bean and squash (Yaldiz and Ertekin, 
2001), green chilli (Hossain and Bala, 2002), banana (Dandamrongrak et 
al., 2002), pistachio (Midilli and Kucuk, 2003), tomato (Ayoub, 2006) 
and fish flakes ( Babiker, 2008) 
 
2.6.2. Mathematical modeling of drying curves and formulation 
The behavior of moisture loss with time in drying is best characterized 
by an inverse exponential relationship. Numerous models have been 
proposed to describe the rate of moisture loss during thin layer drying of 
biological materials (Kashaninejad et al., 2005).  The semi-theoretical 
models are generally derived by simplifying general series solutions of 
Fick’s second law or modification of simplified models and valid within 
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the temperature, relative humidity, air velocity and moisture content 
range for which they were developed  
 
2.6.2.1. Lewis model  
Lewis model is a special case of Henderson and Pabis model where 
intercept is unity.  It was used to describe drying of black tea 
(Panchariya et al., 2002).  Lewis (1921) described that the moisture 
transfer from the food and agricultural materials can be seen as 
analogous to flow of heat from a body immersed in cool fluid.  This 
model assumes negligible internal resistance, which means no resistance 
to moisture movement from the material to the surface of the material.  
This model was based on the analogy with Newton’s law of cooling and 
is often used to mass transfer in thin layer as follows: 
dM
dt
ffffffffffff=@k M @M e
b c
        2.1 
Where:  
M = average moisture content at any time, percent d.b. 
Me = equilibrium moisture content, percent d.b. 
 k = drying constant h 
t = drying time, h-1  
By separating the variables the equation can be written as:  
dM
M @M e
ffffffffffffffffffffffffff=@kdt         2.2 
Obtaining the integral of each side of equation 2.2 by applying boundary 
conditions (at t = 0, M = M0 and t = ∞, M = Me)  
Z
M 0
M dM
M @M e
ffffffffffffffffffffffffff=Z
M 0
M
@kdt        2.3 
ln M t @M eM 0 @M e
fffffffffffffffffffffffffffff=@kt        2.4 
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Taking anti-logarithms of both sides resulted in the following equation:  
M t @M e
M 0 @M e
fffffffffffffffffffffffffffff= e@kt        2.5 
But:   
M t @M e
M 0 @M e
fffffffffffffffffffffffffffff= MR         2.6 
Where:  
MR = moisture ratio (dimensionless) 
Mt = average moisture content at any time, percent d.b. 
Thus: 
Usually, this model does not provide an accurate simulation of drying 
curves of many food products, because it overestimates the early stages 
and underestimates the later stages of the drying curve (Kashaninejad et 
al. 2005). 
The drying constant (k) can be obtained by using linear regression 
technique employing Microsoft Excel software, by plotting ln MR versus 
drying time. 
By taking logarithms of both sides of the relation resulted in the 
following equation:  
lnMR = lne@kt        2.7 
        
lnMR =@kt         2.8 
k as reported by many researchers is function of temperature and can be 
linearly related to temperature.  This was achieved by drying the product 
at different temperature then k for each temperature was obtained by 
linear regression technique. 
2.6.2.2. Henderson and Pabis model  
27 
 
This is the first term of a general series solution of Fick’s second law.  
This model was used successfully to the drying process of corn 
(Panchariya et al., 2002) 
A modified version of the Lewis equation based on heat and mass 
transfer was proposed by Hansen et al (1993) and is expressed as: 
MR =X
i = 1
j
ai B e@kt        2.9 
Where:  
j = takes values between 1 and ∞. 
i= number of observations. 
For the case of j = 1, k is known as drying constant.  
As the value of the second diffusion constant in the infinite series 
solution to diffusion equation is small, to simplify the model only the 
first term of the series may be used.  This can be written as:  
MR = ae@kt         2.10 
The main advantage of this equation is the fact that the coefficients a and 
k introduced can be deduced by taking logarithms of both sides of the 
relation and can linearized as:  
lnMR = ln ae@ktb c         2.11 
 
lnMR = lna @kt        2.12 
Plotting ln MR versus dying time in equation 2.12 the slope of the  
straight line is the drying parameter k, while the intercept is equal to ln a 
(Babalis and Belessiotis, 2004). 
k as function of temperature was determined from preliminary 
investigation experiment under controlled conditions and correlated to 
temperature. 
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2.6.2.3. Page model  
Page model is an empirical modification of Lewis model to correct its 
shortcomings.  This model was used to fit the experimental data of 
soybean, white bean, green bean and corn (Yaldiz and Ertekin, 2001).  
To overcome the shortcomings of the Lewis model, the Page model 
equation 2.13 was applied with an empirical modification to time term 
by introducing an exponent "n" (Akpinar et al., 2003 ). 
 
MR = e @ktan          2.13 
Where:  
n = Page parameter (dimensionless)  
The parameters k and n have been correlated to different process 
variables such as air drying temperature, velocity and initial moisture 
content ….etc (Azzouz et al., 2002).   
Equation 2.13 can be transformed in terms of moisture content as 
follows 
M t = M 0 + M e
b c
e @kt
` an
      2.14 
Drying parameter can be found for each test run using linear regression 
technique on the transformed equation by taking logarithms of both sides 
of equation 2.14 twice as:  
ln @lnMR
a= lnk + nB lnt     2.15 
Plotting ln (-ln MR) versus dying time the trend should be a straight line.  
The slope of the curves, as found by application of linear regression, is 
Page parameter n, while the intercept is equal to ln k (Karathanos and 
Belessiotis, 1999).  The theoretical and the semi-theoretical models are 
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summarized in Table 2.1. for mathematical modeling of thin-layer drying 
of some crops, vegetables and fruits.    
 
2.6.3. Model validation 
For validation the coefficient of determination (R2) was one of the 
primary criteria for selecting the best equation to describe the drying 
curves (Yaldiz and Ertekin, 2001); (Togrul and Pehlivan, 2002) and 
Hayaloglu et al., 2007).  In addition to R2 the various Statistical 
parameters such as; reduced chi-square (χ2), mean bias error (MBE), root 
mean square error (RMSE) and t-test were calculated to evaluate the 
fitting of a model to experimental data. The highest values of (R2) and 
lowest values of χ2, RMSE, MSE and t-values were used to determine 
the best fit.  (Hayaloglu et al., 2007; Ertekin and Yaldiz, 2004; Akpinar 
and Bicer et al., 2003;  Midilli and Kucuk 2003; Togrul and Pehlivan, 
2003; Midilli, et al., 2002). 
Abbouda (1984) reported that an accurate model showed have an 
average model error (AME) and average absolute difference (AAD) 
close to zero and a small standard error of estimate (SEE).   
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Table 2.1: Thin layer drying curves models 
 
Model name Model  References 
Newton   MR= exp(-kt) Ayensu (1997) 
Page  MR= exp(-ktn) Diamente and Munro (1993) 
Henderson and Pabis  MR= a exp(-kt) Westerman et al. (1973) 
Logarithmic MR= a exp(-kt) +c Yagcioglu et al. (1999) 
Two term MR=a exp(=k0t) + b exp(-k1t)
 Henderson (1974) 
Two term exponential  MR= a exp (-kt) + (1-a) exp (-kat) Sharaf-Eldeen et al. (1980) 
Wang and Singh  MR= 1+ at + bt2 Wang and Singh (1978) 
Approximation of diffusion  MR= a exp(-kt) + (1-a) exp(-kbt)    Yaldız and Ertekin (2001) 
Modified Henderson and Pabis  MR= a exp(-kt) + b exp(-gt) +c exp(-ht) Karathanos (1999) 
Midilli et al.  MR= a exp(-ktn) + bt Midilli et al. (2002) 
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CHAPTER THREE 
MATERIALS AND METHODS 
3.1. Materials  
Samples of gum Arabic of Acacia senegal (Hashab) and Acacia seyal 
(Talh) in the form of nodules with initial moisture contents of 
approximately 26.30% and 20.86% (wet basis), respectively, were 
collected from Kordofan and Gadarif areas from healthy trees during the 
production seasons of 2006/2007.  These samples were conditioned in 
plastic bags and kept in a refrigerator at 4oC until needed. 
 
3.2. Equipments  
 
Solar dryer:  The solar dryer used in this study was previously 
constructed for a research work.  The Solar dryer consisted of a solar 
collector and a drying chamber combined in one unit (Figure 3.1). 
The solar collector consists of two boxes.  The first box was 100 cm × 
100 cm ×20 cm and it was made of wooden sides.  It consists of a metal-
plate base painted in non-shine black paint so as to absorb maximum 
solar radiation.  A glass sheet (100 cm× 100cm × 0.3 cm) was used to 
cover the box in order to minimize the loss of heat energy collected and 
to improve the solar dryer efficiency.  The glass sheet was fixed tightly 
to the top of the solar collector by a silicon rubber, which allows the 
glass sheet to expand and contract due to the temperature fluctuations.   
The first box was placed inside a second box made of a metal frame and 
the sides were covered with fiberboard.  The second box had the same 
shape of the first box, but larger in dimensions (114 cm × 114 cm × 25 
cm); the gap between the two boxes was filled with fiber glass as 
insulating layer.  In order to minimize the heat losses to the surrounding, 
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all outsides of the two boxes were painted in black in order to prevent 
the reflection of solar radiation.  To create an air inlet, an opening was 
made at the lowest side of the solar collector and a tube, 17 cm in 
diameter, was fitted in this opening, and another tube of 15 cm in 
diameter was fitted within this tube.  Inside this tube, a fan and two 
thermocouples (dry bulb and wet bulb) were fixed. 
The drying chamber was attached to the upper opening of the solar 
collector.  It consisted of two cylinders.  The outer cylinder was 22 cm in 
diameter and 35 cm in height and it was welded at the bottom to the tube 
of the solar collector outlet.  The inner cylinder was 15 cm in diameter 
and 25 cm in height; it was moveable and it had a detachable perforated 
base for the ease of taking the measurements.  The two cylinders were 
designed to have a gap between their bases so as to guarantee a uniform 
distribution of the hot air through the material to be dried.  A fan and two 
thermocouples (dry bulb and wet bulb) were fixed inside the cylinder.  
Also two thermocouples were put outside the solar collector and all the 
thermocouples were connected to the data logger.  The solar collector 
was oriented to south and tilted to from an angle of 15° with ground 
surface.  
Data Logger: Delta T-logger type 2e and Copper-constant 
thermocouples were used for recording temperatures.  
Sensitive balance: A digital sensitive balance (Model ACB 3000) was 
used for weighing   and the balance with an accuracy of 0.01g  
Oven: Was used for determination final moisture content 
Aluminum foil: Was used to wrap the samples 
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Figure 3.1: Solar dryer  
 
 
 
3.3. Methods  
3.3.1. Solar drying experiments 
The solar-drying experiments were carried out at the Department of 
Agricultural Engineering, Faculty of Agriculture-University of 
Khartoum, during March 2007.  Thin-layer drying experiments were 
conducted to generate data required for model validation.  During the 
drying process, the samples of gums were placed in the drying chamber 
of the solar dryer and periodically weighed using a sensitive balance at 
hourly intervals from 9:00 am till 18:00 pm to determine the weight loss 
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(from which the drying curves were obtained for each sample).  Also, 
during the experiments, wet bulb and dry bulb temperatures at the inlet, 
outlet and outside the dryer were measured and recorded by the 
thermocouples connected to the data logger.  Drying was continued for 
seven days until the samples reached constant weights.    
3.3.2. Moisture content determination 
The data obtained from the experiments were transformed into 
dimensionless parameter, called as moisture contents, which was usually 
expressed as  
M t =
W f @W d
W d
ffffffffffffffffffffffffffff
    3.1 
Where:  
Mt = Moisture content of sample, percent dry basis. 
Wf = Weight of fresh sample, g. 
Wd = Weight of oven-dried sample, g. 
3.3.3. Moisture ratio determination  
The moisture content data obtained from the experiments were 
transformed into dimensionless parameter, called moisture ratio, which 
is usually expressed as in equation 3.2.  
MR = M @M eM 0 @M e
fffffffffffffffffffffffffffff
     3.2 
However, this could be simplified to as in equatuin 3.3 because the 
relative humidity of drying air fluctuated continuously during the drying 
process (Togrul and Pehlivan, 2002; Ertekin and Yaldiz, 2004). 
MR = MM 0
ffffffffff
         3.3 
Where:  
MR = moisture ratio, dimensionless  
35 
 
M =   moisture content, percent (d.b.)  
Mo = initial moisture content percent, (d.b.) 
3.3.4. Drying rate calculation  
The drying rate of gum Arabic was calculated by using equation: 
Dryingrate=Mt +dt @Mtdt
fffffffffffffffffffffffffffffffffffff
   3.4 
Where:  
Mt + dt = moisture content at t +dt (Kg water/Kg dry matter) 
Mt =       moisture content at t (% dry basis)  
dt =        drying time interval (h) 
All the moisture ratio values used in equation 3.4 were averages of three 
samples. 
3.3.5. Drying constant determination 
The following sections describe the procedure adapted to determinate the 
drying constant used to test the three drying models.  
3.3.5.1. Lewis model  
The Lewis model, assuming that the intercept is zero, is given in 
equation 3.5.   
MR = e@kt      3.5 
Where 
MR = moisture ratio 
k = drying constant h 
t = drying time, h-1  
Lewis model can be presented in linearization form by taking logarithm 
of both sides of equation 3.5 as shown in equation 3.6. 
lnMR =@kt      3.6 
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3.3.5.2. Henderson and Pabis model 
MR = ae@kt      3.7 
Taking logarithm of both sides of equation 3.7 as shown in equation 3.8. 
lnMR = lna @kt      3.8 
3.3.5.3. Page model  
M R = e @ k t a n      3.9 
By taking logarithm both sides of equation 3.9 and multiply by -1, Page 
model was linearized in two steps as shown in equations 3.10 and 3.11. 
 @lnMR = ktn      3.10 
Again taking the logarithm of both sides of equation 3.13 
ln @lnMR
a= lnk + nB lnt    3.11 
3.3.6. Mathematical modeling of solar drying curves  
A number of semi-theoretical drying models are available in the 
literature to characterize the thin-layer drying.  As shown in Table 3.1 
three mathematical models namely Lewis model, Henderson and Pabis 
model and Page model were selected for modeling thin-layer drying of 
gum Arabic.  This selection is justified by the simplicity of finding the 
coefficient(s) of the three tested drying models using linear regression 
techniques.  Microsoft Excel software was used to conduct the regression 
analyses to find the drying models coefficients.  
3.3.7. Simulation of thin layer drying of gum Arabic  
The three tested drying models were written into three computer 
programs using the programming language of Turbo Pascal for 
Windows, Version 1.5 as shown in Appendices A1 to A6 for A. senegal 
and A. seyal, respectively.  The written programs were run in a personal 
computer (PC).   This program calculated the predicted moisture 
contents and moisture ratio of gum Arabic at hourly intervals.  
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Table 3.1: Mathematical models applied to drying curves.  
Model name Model equation References 
Lewis MR = exp(-kt) Ayensu (1997), Ozdemir and Devres (1999) 
 
Henderson and 
Pabis 
 
MR = a exp(-kt) 
 
Kabganian, Carrier and Sokhansanj (2002), 
Doymaz (2004) 
 
Page 
 
MR = exp(-ktn) 
 
Diamante and Munro (1993), Karathanos and 
Belessiotis (1999), Doymaz and Pala (2002) 
 
3.3.8. Model validation 
Graphical and statistical analyses were used in validating the three tested 
drying models.  Regarding graphical validation this was done by 
comparing the predicted moisture content with the measured data.  The 
statistical analysis was carried out by using coefficient of determination 
(R2), average model error (AME), average absolute difference (AAD) 
and standard error estimate (SEE).  The following equations were used 
in calculating the AME, AAD and SEE. 
 AME =X
i = 1
n MRexp @MRpre
n
fffffffffffffffffffffffffffffffffffffffffffff
    3.12 
 
 AAD =X
i = 1
n abs MRexp @MRpre
b c
n
ffffffffffffffffffffffffffffffffffffffffffffffffffffffffffffffff
     3.13 
 
 SEE = X
i = 1
n MRexp @MRpre
b c2
n
ffffffffffffffffffffffffffffffffffffffffffffffffffffff
vuuuu
t
wwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwww
    3.14 
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Where:  
MRexp.i = experimental moisture ratio  
MRpre.i = predicted moisture ratio 
n= number of observations 
 
The accurate model should have an AME and AAD close to zero and a 
small SEE.  (Ertekin & Yaldiz, 2004; Akpinar,  Bicer et al 2003; 
Akpinar,  Midilli et al 2003; Togrul and Pehlivan 2003; Midilli, Kucuk 
& Yapar 2002).  Also two samples independent t-test was used in the 
statistical validation of the three tested drying models using Minitab 
statistical software.  
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CHAPTER FOUR 
 
RESULTS AND DISCUSSIONS 
 
4.1. Drying Conditions of the Solar Dryer 
Figure 4.1 shows the inlet, outlet, ambient and inside absorber air 
temperatures during the days of the drying process of gum Arabic.  The 
air temperature was always relatively low at beginning and the end of the 
day reached to maximum value afternoon and then started to decrease 
again.  From this figure it is clear that inside absorber and outlet of the 
solar collector were higher than the inlet of the solar collector and 
ambient temperatures.  The maximum attained temperature difference 
between inside absorber and ambient air temperature was 63.2 oC.  This 
indicates that the drying air was heated by the dryer satisfactorily in 
order to increase the capacity for taking up moisture.   
Figure 4.2 shows the inlet, outlet and ambient air relative humidity 
values during the days of the drying process of gum Arabic.  The relative 
humidity values started to decrease continuously from morning to 
evening.  It was observed that the inlet and outlet air relative humidity 
values were lower than the ambient air relative humidity ones.  The 
maximum attained air relative humidity difference between inlet and 
outlet was 20.46%.  This also confirms that the drying air is heated by 
the solar dryer satisfactorily in order to increase its capacity for taking up 
more moisture.  This result is in agreement with the finding of El-
Beltagy et al. (2005) and Sacilik et al. (2006).   
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4.2. Solar Drying Characteristics of Gum Arabic  
Gum from two species was dried in thin-layer drying from initial moisture 
content 26.30% (w.b.) and 20.86% (w.b.) for A. senegal and A. seyal, 
respectively.  The drying was continued for seven successive days ending 
with moisture content of 14.47% (w.b.) and 6.30% (w.b.) for A. senegal 
and A. seyal, respectively.  Figures 4.3 to 4.5 present the drying curves by 
plotting moisture content versus time, moisture ratio versus time and 
drying rates versus time, respectively, for A. senegal.  Figures 4.6 to 8.6 
show the drying curves for A. seyal.  The interruptions in the drying 
curves in these figures represent overnight periods of the drying operation.  
From these figures the moisture content, moisture ratio and rates of drying 
decreased continuously with increasing drying time.  In these curves all 
the drying processes occurred in the falling rate drying period, i.e. there is 
no constant drying rate period.  This indicates that the initial moisture 
content of gum Arabic was below its critical moisture content.  This also 
implies that the internal moisture diffusion within gum samples is less 
than the rate of moisture evaporation at the surface of gum samples.  
Figure 4.5 and 4.8 show drying curves by plotting drying rate versus 
drying time for A. senegal and A. seyal, respectively.  From these two 
figures it is clear that the drying rates were higher during the first day for 
both species and also the drying rate changes were fluctuating even on 
daily basis.  The common feature of the curve is its similarity to typical 
characteristic drying curves when using solar dryers.   The results were 
generally in good agreement with the previous observations of the 
different foodstuffs drying (Babiker, 2008; Ayoub, 2006; Akpinar and 
Bicer, 2005; Hayaloglu et al., 2007; Ertekin and Yaldiz, 2004; Erenturk et 
al., 2004; Akpinar et al., 2003; Panchariya et al., 2002; Maskan, 2001).      
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4.3. Modeling of Thin-Layer Solar Drying of Gum Arabic  
Tables 4.1 and 4.2 show the drying constant(s) and coefficients of 
determination, which were obtained by the regression analyses of the 
natural logarithm of Moisture ratio on drying time.  These relationships 
are illustrated in Appendix B Figures 1-3 for A. senegal and Figures 4-6 
for A. seyal gum. 
 
Table 4.1: Values of the coefficient(s) of the three tested drying 
models determined by linear regression method for Acacia senegal. 
Model Model constant Coefficient of determination 
Lewis k = 0.0132 0.8785 
Henderson and Pabis 
k = 0.0103 
a = 0.8779 
0.9823 
Page 
k = 0.0791 
n = 0.5253 
0.9589 
 
 
Table 4.2: Values of the coefficient(s) of the three tested drying 
models determined by linear regression method for Acacia seyal.  
Model Model constant Coefficient of determination 
Lewis k= 0.0208 0.9618 
Henderson and Pabs 
k = 0.0182 
a = 0.8904 
0.9884 
Page 
k = 0.0839 
n = 0.6249 
0.959 
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4.4. Graphical validation of the three tested drying models 
Validation of the established models was made by comparing the 
predicted moisture contents with the measured moisture contents for the 
two species under the drying conditions.  The performance of the models 
was shown in Figures 4.9 to 4.11 for A. senegal and 4.12 to 4.14 for A. 
seyal.  A good agreement was observed between predicted moisture 
content and measured moisture content values obtained by the three 
models.  The data generally was banded around the straight line indicating 
the suitability of the three models in describing the drying behavior of 
gum Arabic.   
Figure 4.15 and 4.16 showed the measured and predicted moisture 
contents by the three tested drying models for A. senegal and A. seyal, 
respectively.  From the two figures it is clear that all models predict the 
moisture content of the thin-layer solar-drying accurately throughout the 
seventy hour of the drying period.  However, the Lewis model tended to 
overestimates the early stages and underestimates the later stages of the 
drying curve.   
It can be seen that both A. senegal and A. seyal have similar trends of 
drying curves, which might be due to the slight differences in chemical 
structure.  Although the average molecular mass of gum from A. seyal is 
higher than that of A. senegal, both gums have complex molecular mass 
distributions that display similar features (Idris et al., 1998; Chaplin, 
2006; Motlagh et al., 2006 and AIPG, 2007).  The two gums consist of the 
same sugar residues.  However, A. seyal contains significantly more 4-O-
methyl-D-glucuronic acid, less L-rhamnose and unsubstituted D-
glucuronic acid, and a lower proportion of nitrogen (Siddig et al., 2005, 
Chaplin, 2006, AIPG, 2007 and Phillips et al., 2008). 
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Figure.4.9.  Measured  and predicted moisture content by the 
Lewis model for A.  senegal
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Figure.4. 10.  Measured  and predicted moisture content by 
Henderson & Pabis model  for A. senegal
y = 0.9677x + 0.0073
R2 = 0.975
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Figure .4.11.  Measured  and predicted moisture content by Page 
model for A .senegal
y = 0.8991x + 0.023
R2 = 0.9641
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Figure 4.12.  Measured  and predicted moisture content by 
Lewis model for  A. seyal
y = 1.2003x - 0.0199
R2 = 0.9815
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Figure 4.13.  Measured  and predicted moisture content by 
Henderson & Pabis model for A. seyal
y = 1.0055x - 0.0001
R2 = 0.9828
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Figure 4.14.  Measured  and predicted moisture content by 
Page model for A. seyal
y = 0.9138x + 0.0121
R2 = 0.9679
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4.5. Statistical validation of the three tested drying models 
The statistical parameters for validation of the three drying models are 
shown in Table 4.3 and 4.4 for A. senegal and A. seyal, respectively.  The 
values of coefficient of determination (R2) for all models ranged from 
about 0.96 to 0.98 for A. senegal and A. seyal.  These results indicate that 
there were no significant differences between the measured and predicted 
moisture content values by the three drying models.  Also, as shown in the 
two tables, AME and AAD values were close to zero and SEE values 
were small for both Henderson and Pabis model and Page model 
compared to Lewis model.  This also confirms that Henderson and Pabis 
and Page models predict moisture content of gum Arabic more accurately 
as claimed by Abbouda (1984).   Also, for other food materials, some of 
the studied models performed better than the others.  For example, 
Doymaz (2005), working thin layer drying on green beans, conclude that 
Page model gave better prediction than Henderson and Pabis and Lewis 
models.  However, Doymaz et al, (2005) working thin layer drying on dill 
and parsley leaves found that the Midilli and Kucuk model gave better fit 
than the other models.      
 
Table 4.3 Statistical parameters obtained by the tested thin layer 
drying models for Acacia senegal. 
 
Model R2  AME AAD SEE 
Lewis 0.9758 -0.0106 0.01429 0.01981 
Henderson & Pabis 0.9750 0.00005 0.00459 0.00736 
Page 0.9641 -0.0001 0.00840 0.00934 
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Table 4.4 Statistical parameters obtained by the tested thin layer 
drying models for Acacia seyal. 
 
Model R2 AME AAD SEE 
Lewis 0.9815 -0.0073 0.0094 0.01433 
Henderson and Pabis 0.9828 0.0006 0.0042 0.00634 
Page 0.9679 -0.0004 0.0077 0.0089 
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Figure 4.15.  measured and predicted moisture content values for tested models versus drying 
time for A. senegal
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Figure 4.16. Measured and predicted moisture content values for tested models versus drying 
time for A. seyal 
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Tables 4.5 and 4.6 show the two-sample independent t-test to see the 
difference between measured moisture content and predicted values by the 
three drying models for A. senegal and A. seyal.  These results show that 
there were no significant differences between the predicted and measured.   
 
Table 4.5 T-test moisture content for Acacia senegal. 
 
µ1= µ2 vs. µ1≠ µ2 
Model 
95% confidence interval 
µ1 - µ2 │Tcalculated│ Ttabulated P 
 
df 
 
Lewis  (-0.082, 0.022)  │-1.13│ 1.980 0.26 125 
Handerson & 
Pabis (-0.082, 0.022) │-1.13│ 1.980 0.26 125 
Page  (-0.082, 0.022)  │-1.13│ 1.980 0.26 125 
 
 
Table 4.6 T-test moisture content for Acacia seyal 
 
µ1= µ2 vs. µ1≠ µ2 
Model 
95% confidence interval 
µ1 - µ2 │Tcalculated│ Ttabulated P 
 
df 
 
Lewis  (-0.082, 0.022)  │-1.13│ 1.980 0.26 125 
Handerson & 
Pabis (-0.082, 0.022) │-1.13│ 1.980 0.26 125 
Page  (-0.0161, 0.0153) │-0.05│ 1.980 0.96 133  
 
 
59 
 
Where: 
µ1: Population mean of measured moisture content present dry basis. 
µ2: Population mean of predicted moisture content present dry basis. 
Tcalculated: calculated value of the test statistic. 
Ttabulated: tabulated value of the upper percentage point of the t-distribution. 
df: degrees of freedom. 
P: probability of % risk of being wrong if null hypothesis (Ho) is rejecting. 
 
From the two tables it is clear that the null hypothesis ( Ho: µ1= µ) holds 
true i.e. │tcal│< ttab for the three tested drying models this means that on 
the basis of the sampling in each of the methods of moisture content 
determination, there is insufficient evidence to reject the null hypothesis.  
In other words on the basis of the present data there is no difference 
between the measured moisture contents and predicted moisture contents 
by the three drying models.    
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CHPTER FIVE 
 
 
CONCLUSIONS AND RECOMMENDATIONS 
 
5.1. Conclusions  
1- The natural convective solar dryer heated the drying air 
adequately. 
2- Thin-layer solar drying of gum form two tree species occurred 
in the falling rate period and effectively during first day. 
3- According to the result, it can be said that the all drying 
models gave the best prediction for the drying behavior of gum 
form two tree species.   
   
5.2. Recommendations 
1- The natural convective solar dryer used in the present study 
can be constructed in rural areas with minimum skills and low 
cost.  
2- Mathematical modeling can be used to simulate thin layer 
solar drying of gum form two tree species as a reliable cheap and 
fast technique for short period time. 
3- Other drying models found in the literature should be tested 
for simulating thin layer drying of gum form two tree species in 
future work.  
4- Further work is needed to study gum form two tree species 
quality after drying. 
5- Models should be tried in different season.  
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Appendix A. Computer programme written in Pascal language used 
for predicting moisture content (MC) and moisture ratio (MR) 
 
Acacia senegal 
 
1. Lewis Model 
uses wincrt; 
const 
k = 0.0132; 
Mo = 0.35694444; 
var 
M,MR : Real; 
t : Integer; 
begin 
    writeln('Predicted decimal m.c. and MR using lewis model'); 
   For t := 48 To 67 DO 
   begin 
     M :=Mo*exp(-k*t); 
     MR:=M/Mo; 
     writeln(' If time =  ', t,'Hour Then final m.c. =', M:16:16,' and MR = 
',MR:16:16); 
   end 
end. 
 
 
2. Henderson and Pabis Model 
uses wincrt; 
const 
k = 0.0103; 
a = 0.8779; 
Mo = 0.35694444; 
var 
M,MR : Real; 
t : Integer; 
begin 
    writeln('Predicted decimal m.c. and MR using Henderson and Pabis 
model'); 
   For t := 48 To 67 DO 
   begin 
     M :=Mo*a*exp(-k*t); 
     MR:=M/Mo; 
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     writeln(' If time =  ', t,'Hour Then final m.c. =', M:16:16,' and MR = 
',MR:16:16); 
   end 
end. 
 
 
3. PageModel 
uses wincrt; 
const 
k = 0.0791; 
Mo = 0.35694444; 
var                                      
MR,M : Real; 
t : integer; 
  function fn(x:real):real; 
 begin 
fn:= exp(0.5253*ln(x)); 
 end; 
 begin 
 writeln('Predicted decimal m.c. and MR using Page model'); 
 t:=0; 
 writeln('If t =',t,' Hour ,then M = ',Mo:16:16,'  and MR = 
1.00000000000'); 
 repeat 
     t :=t +1; 
     m := mo*exp(-k*fn(t)); 
     mr := m/mo; 
     writeln('If t = ',t,'Hour, then M = ',M:16:16,'and MR =',mr:16:16); 
     until t= 67 
end. 
 
 
Acacia seyal 
1. LewisModel 
uses wincrt; 
const 
k = 0.0208; 
Mo = 0.26487016; 
var 
M,MR : Real; 
t : Integer; 
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begin 
    writeln('Predicted decimal m.c. and MR using lewis model'); 
   For t := 0 To 67 DO 
   begin 
     M :=Mo*exp(-k*t); 
     MR:=M/Mo; 
     writeln(' If time =  ', t,'Hour Then final m.c. =', M:16:16,' and MR = 
',MR:16:16); 
   end 
end. 
 
 
 
2. Henderson and Pabis Model 
 
uses wincrt; 
const 
k = 0.0182; 
a = 0.8904; 
Mo = 0.26487016; 
var 
M,MR : Real; 
t : Integer; 
begin 
    writeln('Predicted decimal m.c. and MR using Newton model'); 
   For t := 48 To 67 DO 
   begin 
     M :=Mo*a*exp(-k*t); 
     MR:=M/Mo; 
     writeln(' If time =  ', t,'Hour Then final m.c. =', M:16:16,' and MR = 
',MR:16:16); 
   end 
end. 
 
 
 
3. Page Model 
uses wincrt; 
const 
k = 0.0839; 
Mo = 0.26487016; 
var                                      
MR,M : Real; 
t : integer; 
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  function fn(x:real):real; 
 begin 
fn:= exp(0.6249*ln(x)); 
 end; 
 begin 
 writeln('Predicted decimal m.c.and MR using Page model'); 
 t:=0; 
 writeln('If t =',t,' Hour ,then M = ',Mo:16:16,' and MR = 
1.00000000000'); 
 repeat 
     t :=t +1; 
     m := mo*exp(-k*fn(t)); 
     mr := m/mo; 
     writeln('If t = ',t,'Hour, then M = ',M:16:16,' and MR =',mr:16:16); 
     until t= 67 
end. 
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Appendix B. Determination of the drying constants and coefficients of 
Lewis, Henderson and Pabis and Page models  
 
 Acacia senegal. 
 
1- Lewis model  
 
 
2- Henderson and Pabis model  
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3- Page model  
 
 
 
 
 
Acacia seyal. 
 
1- Lewis model  
 
 
 
78 
 
2- Henderson and Pabis model  
 
 
3- Page model 
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